Abstract: Concerns and uncertainties persist about potential environmental and health effects associated with exposure to emissions from widely adopted waste management facilities: despite a limited amount of evidence having been found for some exposure-effect associations, most of the available studies were characterized by limitations related to poor exposure assessment, which could introduce biases and weaknesses in the interpretation of results. This communication provides a brief overview of the exposure assessment methods used in studies on waste management and health effects: problems, key issues, priorities and challenges are briefly presented and discussed. The main conclusions refer to the need of newly developed and harmonized exposure assessment strategies and techniques, which represent an essential step in the study of waste-disposal facilities' health impacts.
Introduction
Waste management (i.e., the generation, collection, processing, transport, and disposal of solid waste) is important for both environmental and public health. Concerns and uncertainties persist about potential environmental and health effects associated with exposure to emissions from widely adopted waste management facilities (i.e., waste disposal-landfills and energy recovery-incinerators) [1] . In this regard, several studies and a number of reviews are available, leading to the conclusion that (i) concerns persists over the health effects of different waste management options, despite the lack of univocal evidence on the health implications of waste-related environmental exposures [2, 3] ; and that (ii) emissions from landfills and incinerators could be associated with some health outcomes [2, [4] [5] [6] [7] . It also should be considered that a distinction should be made between the impact of waste management sites for household solid wastes and for other "hazardous" (i.e., hazardous, special, toxic, industrial, commercial, etc.) wastes. However, the association between hazardous wastes exposure and health effects has been discussed in several studies [8] . Obviously, a separate discussion should be held concerning the health and environmental impacts of illegal waste management practices (e.g., illegal waste burying in areas not designated as waste dump sites and illegal waste burning and the fires), which can also have an impact on the environment and health, with a number of documented cases [9, 10] . In any case, the abovementioned associations can be considered as relevant only when defined in rigorously conducted epidemiology studies [8] . In this regard, a systematic review of the literature regarding the health effects of waste management [1] outlined that-given that a limited amount of evidence has been found for some associations and only a few studies have been selected for a quantitative evaluation of the health effects-the overall evidence was generally inadequate to establish a specific relationship between a waste process and health effects. The same review outlined that most of the studies indicated weaknesses in their results, mainly due to experimental design issues. In fact, most of the available studies were characterized by limitations related to poor exposure assessment, aggregate level of analysis, and lack of information on relevant confounders [1] . Other major problems include the lack of scientific information for risk assessment and the need of more resources for the assessment of chemicals for which data are not available [8] . Similarly, Barba et al. concluded that the available evidence suffers from limitations mainly due to study design, lack of consideration of confounders and quality of the exposure data [11] . Thus, although many studies and reviews are available, the lack of adequate and accurate data on exposure levels represents one of the major issue in the evaluation of health effects arising from exposure to waste management processes [10, 12, 13] .
Exposure Assessment in Studies on Health Impact of Waste Management
Focusing on exposure assessment, it is worth noting that the "exposure" to chemical pollutants from waste management processes means coming into contact with chemical substances that can potentially cause adverse health effects, which are modulated by the toxicity of substances, the susceptibility of exposed individuals, and the extent and exposure pattern. The main pathways of exposure are (i) inhalation due to emissions from incinerators and landfills; (ii) consumption of contaminated water (i.e., water supplies contaminated with landfill leachate); and (iii) food chain (i.e., food enriched with persistent organic chemicals that may be released from incinerators) [12] . In this regard, human exposure to pollutants resulting from either incinerators or landfills can be very low, or even negligible, if proper operating procedures are followed and normal controls are maintained. Obviously, it is mandatory that waste management facilities are properly designed, operated, and monitored to ensure acceptable levels of emissions for airborne pollutants as well as corresponding levels of environmental and health risks (i.e., levels of pollutants in water and food should be controlled and regulated to reduce the likelihood of adverse impacts from these pathways) [14] . The health impact depends also on waste composition, disposal practices and consequent emissions, but a previous study provided a summary of the main known emissions and environmental impacts of waste management activities [12] . For example, the most common air pollutants associated with waste incineration processes are (i) inorganic major-pollutants-i.e., with emission in the order of mg/m 3 or µg/m 3 -such as particulate matter, heavy metals, SO 2 , NO x , N 2 O, HCl, HF, CO and CO 2 ; and (ii) organic micro-pollutants-i.e., with emission in the order of ng/m 3 or below-such as dioxins, furans, polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs). Similarly, landfilling emissions could have an impact on air (e.g., emission of CO 2 , CH 4 and VOCs). As already stated, both these processes also have an impact on groundwater or surface water quality (e.g., contaminated leachate from landfilling, fall-out of atmospheric pollutants from incineration) and on contamination of soils (e.g., heavy metals, synthetic organic compounds, fly ash, slags emitted from waste-disposal facilities) [12] . Further, it should be considered that, despite emissions from waste-disposal facilities having changed considerably over the last few decades (at least in more technologically advanced countries), in response to increasingly stringent limits on emissions set in legislative requirements, hazardous substances still continue to be released into the environment, contributing to the background levels of the surrounding areas [14] . Besides, exposure to substances released at waste management facilities can be acute (short-term exposure to high levels of potentially hazardous substances) and chronic, when it involves long-term exposure to low concentrations of these pollutants [12] . Thus, populations living near waste management facilities are therefore potentially exposed to a wide variety of pollutants-even at very low concentrations-directly associated with waste management processes, via inhalation of polluted air, ingestion of polluted food and water, or dermal contact with polluted soil [8, 14] . Then, the exposure assessment process involves the determination of the magnitude, frequency and duration of current, past, and future exposure, as well as the identification of potential exposure pathways and exposed populations, including those particularly susceptible [14] ; information on emitted pollutants potentially implying impacts on the environment and health and about common exposure patterns of the study population is therefore primarily necessary. It is well known that different approaches exist for exposure assessment: direct methods (personal monitoring of pollutants, biological monitoring) or indirect methods (environmental monitoring, models, questionnaire, diaries) are so-classified depending on both the fact that the selected sampling system involves/does not involve personal measurements and the variable they measure (i.e., the levels of exposure itself or factors that affect exposure). Other alternative approaches could be used to quantify exposure (for example, termed point-of-contact measurement, reconstruction of internal dose, and scenario evaluation). In any case, in order to evaluate the potential health impact on a population associated to waste management facilities, epidemiologists need to investigate the occurrence of clinical effects-which are typically characterized by a small incidence-in a population of adequate width (i.e., in the order of thousands of subjects) that may have been affected by emissions, which are likely to be exposed to levels slightly above environmental background concentrations, in large observational studies [12] . However, focusing again on the exposure assessment issue, although exposure to pollutants from another pattern may also have an impact on health, airborne exposure is often the pathway of greatest concern [14] . In any case, generally, data on direct human exposure are unfortunately very limited, and thus the exposure assessment process becomes even more complicated. As a consequence, most studies generally resorted only to surrogates such as residence information/distance from the source, with only few studies including data on potential exposure pathways (e.g., pollutant concentration in soil, modelled atmospheric exposure and dispersion of airborne pollutants) [1, 12, 15] . In this regard, the lack of accurate information on exposure levels represents undoubtedly the major issue in the evaluation of waste management-related health impacts [10] . More in general, previous studies outlined that the exposure assessment often represented the main uncertainty in epidemiological studies, mainly due to inadequate methods, which introduced misclassification of exposure with a consequent decrease in the likelihood of detecting significant exposure-effect associations [1, 12, 13] . Future studies in this field should require improvement in the characterization of individual exposures; in this regard, one of the most promising progresses in the exposure science is the development of miniaturized instruments for participatory and ubiquitous monitoring strategies for airborne pollutants [16] . Different studies have shown how measurement data characterized by high temporal and spatial resolution are essential for personal exposure assessments, in particular when considering heterogeneous and complex environments [16, 17] . The use of these miniaturized devices and/or network of devices, once validated and in the presence of standardized monitoring procedures, could easily reduce the current biases (in terms of accuracy) of exposure assessment studies, at least for some major pollutants such as particulate matter, carbon monoxide and nitrogen oxides. Dynamic mapping of major air pollutants could allow for a deeper refinement of human exposure estimates for large populations and a better identification of areas of poor air quality [18] . As outlined in Deary et al., this approach has the major advantage of determining the personal exposure (for example, considering intra-daily variability or exposures in different microenvironments), thus providing a better estimation of health impacts that is not simply reliant on a generalized method for exposure derivation using exposure surrogates, fixed measurement stations or dispersion modelling [19] . However, despite the encouraging perspective of a more effective exposure characterization for some major pollutants, the monitoring of some micro-pollutants (e.g., dioxins, furans, polycyclic aromatic hydrocarbons, volatile organic compounds) typically related to emissions from waste management facilities is not so straightforward nowadays [19] . Nevertheless, the development of such approaches would be highly important since these could be applied in high-quality, low-cost, high-sensitivity exposure assessment studies and in spatially detailed monitoring networks. However, as stated before, most studies in the field generally try to overcome the lack of measured exposure data by using exposure surrogates. In some cases, the estimated differences in exposure of the study subjects are mainly or only related to differences in the proximity to the sources, with the possible introduction of large and not correctly assessed biases. Contrariwise, dispersion models have been demonstrated to be effective tools to improve exposure assessment and most advanced epidemiological studies assign exposure to individuals based on residential outdoor concentrations of air pollutants measured or estimated at the front-door [20, 21] . This approach, however, is not devoid of errors: a recent study showed high potential for misclassification in the epidemiological studies that assign exposure-based concentrations estimated or measured at subjects' home addresses [22] . Furthermore, it should be remembered that inhalation exposure to airborne pollutants represents only one of the possible exposure patterns. Considering this, biological monitoring and the consequent study of specific biomarkers could allow an estimate of the amount of pollutants absorbed by each individual through different exposure patterns. Unfortunately, only a few studies are available in literature concerning the use of biomarkers to assess the effects of exposure of the general population to emissions from waste management facilities [12] . This is probably due to the fact that this approach is not always feasible in epidemiologic studies, especially those involving large population groups, since biological monitoring presents several challenges, such as the low concentrations of substances to be measured in complex biological matrices and the difficulty in interpreting results due to the many exposure sources [23] . Finally, the need of extensive and detailed exposure studies aimed to clarify the potential link between illegal waste-disposal practices and the health impact on the population was recently discussed [24] ; in particular, the need of more detailed epidemiological studies was outlined, which, however, would transpose in a very demanding strategy, assisted by multidisciplinary exposure assessment studies, including (i) the accurate mapping and characterization of all the potentially contaminated sites (i.e., the waste management sites, including the surrounding superficial water, groundwaters and soils which may be subjected to contaminations); (ii) human biomonitoring programs; and (iii) deeply-investigated individual exposure assessment.
Conclusions
In summary, most of the existing studies concerning the evaluation of the health impacts of waste management facilities are afflicted by limitations, which are often related to poor exposure assessment. This issue poses specific challenges, due to the great variability of emitted pollutants, exposure patterns and of the potential associated health outcomes. Reflecting the current state-of-the-art, it is possible to conclude that despite some recent efforts, methodological gaps persist in currently used exposure assessment techniques, such as direct (personal monitoring of pollutants, biological monitoring) or indirect (environmental monitoring, models) methods, as well as alternative approaches and exposure surrogates. Since each of these approaches is based on different data and has strengths and limitations, it is advisable to use combined approaches to reinforce the reliability of the exposure assessment [14] . In particular, exposure assessment could be approached with a tiered approach, progressing from less refined, more conservative assessment methods, to more refined methods. In a first step evaluation, models based on generic scenarios and conservative assumptions can be used to perform a preliminary indirect exposure assessment; the advantage is that initial exposure estimates can be developed with a small amount of data, but with the possible limit of having a high level of uncertainty (due to the need to include assumptions and inferences given the limited data). Subsequently, if the preliminary estimated exposure is not considered to be negligible, a more detailed and accurate exposure assessment will be desirable. More accurate and specific evaluation of the exposure can be developed using representative exposure data of known quality; for this purpose, it is recognized that the use of reliable and relevant measured exposure (i.e., from personal/environmental and biological monitoring) is generally preferred over estimated exposure, given the uncertainties which may be associated to the use of certain models. It also should be stressed that while reliable field data are always preferable, proper measured data on exposure levels are often not available or difficult to obtain, thus the quality of such data and the relevance to the exposed population should be carefully considered. Thus, the use of more sophisticated and accurate models can certainly improve the exposure assessment procedures. Finally, the quantitative results of a robust and accurate exposure assessment should be combined with the results of health effects assessments (i.e., risk characterization phase) in order to evaluate whether or not there is any relationship of concern for the exposed populations [25] . In any case, the comprehensive characterization of human exposure to waste-management emissions will probably remain a challenge in the future: technical and scientific improvements (e.g., newly developed methods with adequate specificity, accuracy and sensitivity) and the definition of harmonized strategies (to ensure reliable and cost-and time-effective studies) for exposure assessment are certainly needed.
